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ABSTRACT

Two earthquake multiplets and two doublets recorded by the Charlevoix Telemetered Network
(CLTN) in the Charlevoix Seismic Zone (CSZ) of southern Quebec, Canada have been analyzed
using an empirical Green's function (EGF) method to derive the relative source time functions
(STFs) of seven master events with M=1.2-4.4. We identified the multiplets and doublets by
applying a waveform cross-correlation and relative event location technique to verify that a
potential earthquake pair satisfied the criteria of having similar focal mechanisms and hypocentral
locations. Three-component S waveforms recorded by the high dynamic range (126 dB)
instrumentation of the CLTN were used to extract the STFs.

The STFs reveal that six of the seven events are simple with single source pulses having
durations of 0.05 to 0.2 s. Another earthquake (920310-0545, M3.3) appears to be a double event
with two episodes of rupturing. Azimuthal variations of the pulse amplitudes and widths of the
STFs provide strong evidence for the rupture directivities of five of the earthquakes (M=1.2-4.4).
These results demonstrate that microearthquakes in the CSZ can have both rupture directivity and a
complex rupture process. The azimuthal variations in pulse amplitudes of the STFs were used to
estimate the rupture directions and rupture velocities. Estimated rupture velocities range from 0.5
to 0.7Vs. Estimates of the rupture direction were combined with P wave focal mechanisms for the
four largest events (M3.3-4.4) to infer the actual fault plane for these earthquakes. Source
parameters were measured for the retrieved STFs of the master events, including seismic moments

of 3.5x1018 t0 5.3x1021 dyne-cm, fault radii of 100-330 m, and static stress drops of 2 to 90
bars. The fault radii and stress drop estimates for M > 3 events agree well with estimates obtained
by other researchers for M ~ 3 to 4.5 earthquakes in the CSZ (Boatwright, 1994; Atkinson and
Somerville, 1994). We also observed apparent scaling between the stress drop and the earthquake

size, which has been reported in other studies of stress drop in northeastern North America.(e.g.,
Boatwright, 1994; Shi et al., 1994).
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INTRODUCTION

The source time function (STF) of an earthquake contains important parameters that
characterize the rupture process and source properties of the earthquake. However, the extraction
of the STF from observed seismograms requires isolating the source effects from those of the path,
site, and instrument response. One approach to remove the effects of the path, site, and instrument
response from observed seismograms is to use the empirical Green’s function (EGF)
deconvolution method (e.g., Mueller, 1985; Frankel et al., 1986; Li and Thurber, 1988). The
advantage of this method is that detailed knowledge of the earth structure, instrument response and
attenuation effects is not required. For two earthquakes having similar hypocenters and focal
mechanisms, but different sizes, one can treat the waveform of the smaller event as the EGF
(Hartzell, 1978) and deconvolve it from that of the larger event to obtain a relative STF for the
larger earthquake (Mueller, 1985). Since the pair of events is recorded at the same station by the
same instrument and shares the same propagation path, the deconvolution method should result in
an STF which is corrected for the path, site, and instrument effects.

The EGF deconvolution method has been successfully applied to extract STFs for
microearthquakes in California (Frankel et al., 1986; Hutchings and Wu, 1990; Mori and Frankel,
1990; Mori and Hartzell, 1990; Hough et al., 1991; Mori, 1993), Hawaii (Li and Thurber, 1988),
New York (Xie et al., 1991), Miramichi, Canada (Mueller, 1985), and Yunan, China (Chen et al.,
1991), using waveform data recorded by local seismic networks. The retrieved STFs have been
used to estimate the source parameters, such as rising time, source duration, seismic moment ratio,
fault radius, and stress drop (e.g., Frankel et al., 1986; Li and Thurber, 1988; Mori and Frankel,
1990; Xie er al., 1991). Analysis of the STFs also has revealed the rupture complexity and rupture
directivity of microearthquakes (e.g., Frankel et al., 1986; Li and Thurber, 1988; Mori and
Frankel, 1990). It has been demonstrated that the rupture directivity along with the focal
mechanism of an earthquake can be used to determine which of the two nodal planes is the actual
fault plane (Frankel et al., 1986; Li and Thurber, 1988; Mori and Hartzell, 1990; Mori, 1993).

The objective of this study is to examine the rupture directivity and complexity and to estimate
source parameters of microearthquakes in the Charlevoix Seismic Zone (CSZ), Quebec, Canada
|( Fiéure 1). Although spectral analysis techniques have been used to estimate the source parameters
for M=3-5 earthquakes in the CSZ (e.g., Hasegawa and Wetmiller, 1980; Boatwright, 1994;
Atkinson and Somerville, 1994), the EGF method has not been applied to extract the STFs and
estimate the source parameters for earthquakes in this seismic source zone. In this paper, we used
the EGF method to retrieve the relative STFs and to analyze the source properties of seven of the
larger microearthquakes (MbLg =1.2 to 4.4) from four groups of events located in the CSZ.
Three-component S waveforms of smaller events in each group, treated as the EGFs, were
deconvolved from those of the larger earthquakes to obtain their STFs. Our results indicate that the
STFs of six events are single pulses with source durations of 0.05 to 0.2 s and one earthquake
(920310-0545, MbLg=3-3) appears to be a double event. We estimated the source parameters,
such as the rupture velocity, fault length, moment release, and stress drop, for these events based
on the time domain analysis of the STFs. Azimuthal variation of the pulse amplitudes and widths
of the STFs provide strong evidence for the rupture directivities of five of the earthquakes with
magnitudes ranging from 1.2 to 4.4. The rupture directivities along with P first motion fault plane
solutions of the four largest events (MpLg 2 3.3) permit determination of the rupture planes and
characterization of the rupture processes o? these earthquakes.

CHARLEVOIX SEISMIC ZONE AND NETWORK DATA

The Charlevoix Seismic Zone (CSZ) is defined as a 80 x 35 km rectangle located along the St.
Lawrence River Figure 1)[in southern Quebec and is among the most seismically active areas in
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Figure 1. Seismicity (squares) of the Charlevoix Seismic Zone (CSZ) in Quebec, Canada for
November 1987-1992. The 1925 (mp=6.5) and the 1979 (mp=5.0) earthquakes are shown as an
asterisk and a diamond, respectively. The filled triangles mark the locations of the CLTN stations.
The inset map depicts the location of the CSZ in northeastern North America and the sites of the

ECTN and the NESN stations (open triangles), many of which were used to determine the focal
mechanisms of the larger microearthquakes studied.




eastern North America (Buchbinder er al., 1988). Historically, the CSZ has been the location of
several large earthquakes (Smith, 1962). The largest instrumentally recorded earthquake of this
group occurred on March 1, 1925 with mp = 6.5 (Stevens, 1980; Ebel et al., 1986; Bent, 1992).
Damage to buildings from this earthquake was caused at distances as great as 240 km away
(Hodgson, 1950). The latest potentially damaging earthquake (mp = 5) occurred on August 19,
1979 (Hasegawa and Wetmiller, 1980).

The waveform data used in this study were recorded by the Charlevoix Telemetered Network
(CLTN) operated by the Canadian Geological Survey. The CLTN consists of six three-component
stations located in groups of three each along the northwest and southeast shorelines of the St.
Lawrence River . These stations are situated parallel to the general northeasterly strike
and bound the seismicity of the CSZ (Buchbinder et al., 1988). The CLTN is a short-period local
network which was modernized in November 1987 to include digital recording at a rate of 80 sps
and three-component instruments with automatic gain control to insure a wide dynamic range of
126 dB (Munro, personal communication). The wide dynamic range of the instrument allows
recording of seismic waveforms of M0-5 earthquakes on scale at local distances and is especially
suitable for the EGF analysis.

On March 9, 1989, an earthquake (MbLg = 4.3) occurred in the upper CSZ and was followed
by a larger event (MbpLg=4.4) in the same place about 47 hours later. Wetmiller and Adams (1990)
identified these two events as a doublet, meaning two earthquakes having a similar hypocentral
location and focal mechanism. Since the MbLg 4.3 event was followed by two smaller aftershocks
with similar locations, we defined this group of four events as a multiplet. Figure 2 shows three-
component seismograms for the four earthquakes of the multiplet recorded at station A61.
Waveforms of the four events with magnitudes ranging from 0.2 to 4.4 show a striking similarity,
with the maximum amplitude of the largest event exceeding that of the smallest by a factor of about

1000. The waveform similarity suggests that the multiplet has hypocenters very close to each other
and very similar focal mechanisms.

Applying the cross-correlation analysis and relative location technique to digital waveform data
from the CLTN, we identified more doublets and multiplets in the CSZ. |Figure 3 |shows the
epicentral locations of the eleven earthquakes of the two multiplets and two doublets used in this
study. In addition to CLTN data, P first motion data from two regional networks [Figure 1), the
Eastern Canada Telemetered Network (ECTN, operated by the Canadian Geological Survey) and
the New England Seismic Network (NESN, jointly operated by the Weston Observatory of Boston
College and Resources Laboratory of MIT), were also used to constrain the focal
mechanisms [Figure 4) for the four largest earthquakes (MbLg 2 3.3) of the four groups of events
in the study. A computer method developed by Guinn and Long (1977) was used to find the fault
plane solution (or set of solutions) which yields the best match of calculated and observed P first
motions. SH waveforms, resulting from the rotation of the horizontal components recorded by the
CLTN stations, were used to place additional constraint on the earthquake focal mechanisms. SH
focal mechanisms (Figure 4), generated using the strike, dip and rake of the P focal mechanism
solutions for the four largest earthquakes, were found to be completely consistent with the
projections of the observed SH first motions on the lower focal hemispheres.

RELATIVE EVENT LOCATIONS AND SIMILAR FOCAL MECHANISMS

The EGF deconvolution method requires that the larger earthquake and the smaller EGF event
have a similar hypocenter and focal mechanism, so that the deconvolution procedure can effectively
remove the path, site and instrument effects. It has been demonstrated that precise relative
locations for a cluster of earthquakes are important, not only for selecting appropriate EGF events,
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Figqre 2. Three-component waveforms of a multiplet of four earthquakes (M=0.2-4.4) recorded at

Station A61. The strong similarity of the waveforms is indicative of events which occurred very

near one another with similar focal mechanisms. The difference in peak amplitudes between the
M4.4 and MO0.2 earthquakes is about 1000.
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Figure 3. Epicentral locations (octagons) of the two doublets (pairs 1 and 2) and the two
multlplpts (groups 3 and 4) analyzed in this study. The inset map emphasizes the close spatial
separation among the slave and master events of each multiplet resolved by the waveform cross-

correlation and relative event location technique.
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but also for inferring the rupture directions of larger earthquakes (e.g., Frankel et al., 1986; Mori,
1993).

The principle of the relative event location technique (e.g., Jordan and Sverdrup, 1981;
Poupinet et al., 1984; Ito, 1985) is that, for a given seismic phase and receiver, the difference
between the arrival times from two events close to one another is much less sensitive to the velocity
structure than are the absolute arrival times from each individual event. Therefore, the systematic
errors due to an incorrect velocity model will have little effect on the accuracy of the relative event
locations.

A cross-correlation analysis technique either in the frequency domain (e.g., Poupinet et al.,
1984; Ito, 1985; Fremont and Malone, 1987) or in the time domain (e.g., Frankel, 1982;
Pechmann and Kanamori, 1982; Thorbjarnadottir and Pechmann, 1987) has been used to
quantitatively characterize the degree of similarity of seismic waveforms from a cluster of
earthquakes close in space and to measure their differential arrival times of P and S waves in an
accurate, objective, and consistent manner. The conventional time domain analysis typically
enables arrival times to be read, at best, to an accuracy of one sample interval, while a cross-
spectral analysis can improve the timing precision about an order of magnitude better than the
sampling interval. Poupinet et al. (1984) and Ito (1985) claimed that, for a waveform with a

sampling rate of 100 sps, their method had a timing accuracy of about 1 ms, resulting in a relative
location accuracy of 10 m.

We measured the differential arrival time of the P waves on the vertical component
seismograms (Figure 5a)|from two events near one another using both the cross-correlation and the
cross-specha_.l Sf?lff es. Conventional time domain analysis results in a differential arrival time
of 0.025 s [(Figure 5b)| with a timing accuracy of 0.0125 s (instrument sampling rate of 80 sps).
The cross-spectral analysis of the P waveforms indicates that the differential arrival time between
the two P waves is about 0.021 s (Figure 5c), with a timing resolution of about 1 ms. However,
the spectral analysis involves time-consuming calculations and fitting a straight line to the slope of
the phase spectrum. We developed a simpler and faster analysis method in the time domain, which
gives a timing accuracy similar to the cross-spectral method (Poupinet et al., 1984; Ito, 1985). We
oversampled the P wave time series of the master and slave events with an interpolating Finite
Impulse Response filter (Tapley and Tull, 1991) and recalculated the cross-correlation function.
The maximum peaks of the cross-correlation function are at 0.025 s and 0.020 s for sampling rates

of 80 and 200 sps, respectively. Above 400 sps the peaks converge at 0.021 s, which is
- consistent with the result of the cross-spectral method .

The cross-correlation function between a master and a slave event was calculated for both P
and S wave windows to measure the differential time A(S-P) from the time lag between the
maximum peaks of correlation coefficients. Figures 6a and 6b show auto-correlation functions of
a master event (920314-2128) and cross-correlation functions between the master event and a slave
event (920311-0120) for the P and S wave windows. Our modified time domain method also
provides the capability to process a double event (Figures 6¢ and 6d)| Cross-correlation functions
between the master event and another slave event (920310-0545) for both P and S wave windows
show two peaks corresponding to two subevents. At station A61, differential time A(S-P) is less
than zero for the first subevent and is greater than zero for the second subevent, implying that the
first subevent is closer to station A61 and the second one is further away from the station with the
master event as a reference. The measurement accuracy of the differential arrival time A(S-P) is
about 1 ms, resulting in a spatial resolution of about 10 m for the relative hypocenter locations.

We applied the cross-correlation and relative location technique to P and S waveforms recorded
by at least four CLTN stations to estimate the relative locations for the eleven earthquakes of the
two doublets and two multiplets {Figure 3]and[Table 1)} In each of the four groups, we selected
one earthquake as a master event and calculated its absolute location with S-P times and a one-layer
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Figure 5 (a) The recorded P waveforms of two earthquakes close in space. (b) The auto-
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conventional time domain analysis in (b) can only produce a best resolution of one sample interval,
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2nft. Oversampling yields an estimate of the P wave differential time of about .021 s, comparable
to that of the spectral analysis.
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Table 1
Hypocentral parameters of earthquakes under study

Group-event  Date Time Lat Lon Depth Magnitude*
No. (YrMoDa) (HrMnSec) ") ") (km) MN / M1)

1-1 890201 0538 47.5 47.4769  -70.0613 15.03 1.8
1-2 890915 0216 01.0 47.4765  -70.0605 14.93 0.0

2-1 901021 1338432  47.4032  -70.3803 13.85 3.3

2-2 901102 0427 50.1 47.4031  -70.3815 13.78 0.5
3-laf 920310 054532.6 47.7181  -69.8556 8.96 3.3

3-1bt 920310 0545327 47.7180  -69.8531 8.85

3-2 920311  012057.6 47.7184  -69.8544 3.88 0.2
3-3 920314  212843.6 477181  -69.8544 8.90 1.6

4-1 890309 0941322 477080 -69.8282 8.07 4.3

4-2 890310 0329 59.5 47.7095  -69.8289 7.98 1.2
4-3 890310 0451 01.1 47.7081  -69.8273 7.87 0.2
44 890311 0831 51.8 47.7103  -69.8308 8.22 4.4

T A double event.

* The magnitudes were determined by the Canadian Geological Survey. ML, is used for
the smallest events recorded only by the CLTN, while MbLg (MN) is used for the
larger events recorded by both the CLTN and the ECTN. On average the M[, scale

yields magnitude values 0.4 units less than the MbLg scale for microearthquakes in
northeastern North America (Ebel, 1982).
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crustal model for the CSZ having an average P wave velocity of 6.2 km/s and a Vp/Vs ratio of
1.73 (Anglin, 1984). Then the differential arrival times A(S-P) measured by cross-correlation
were used to determine the relative locations of the slave events with respect to the master in each
group. The simplified velocity model and different station configurations used for locating master
events of different groups may slightly bias absolute locations for the master events about 1 to 2
km, but should have less effect on the relative locations of events in individual groups.

As discussed in a previous section, we have determined the focal mechanisms for the four
largest earthquakes among the eleven events. However, insufficient data was available to constrain
the focal mechanisms for the smaller events. To insure the larger earthquakes and the EGF events
in each group had similar focal mechanisms, we checked the P and SH polarities for the eleven
earthquakes with the CLTN data only, and found the P and SH polarities for events in the same
group were the same with only one exception[(Table 2)| At station A21, which is projected close
to one of the P wave nodal planes, the P wave polarity of the 920310 event differs from those of
the two small aftershocks, reflecting slight differences in the focal mechanisms of the mainshock
and aftershocks.

EGF DECONVOLUTION PROCEDURE

Figure 7|illustrates the EGF deconvolution procedure which we used to extract the relative
STFs for larger events of the doublets and multiplets. Fiéure 7lshows tangential S waveforms
‘recorded at station A61 for the three events in one multiplet (M3.3, M1.6 and M0.2) with spatial
separations of less than 250 m [(Figure 3 Jand[Table 1) and a similar focal mechanism (Figure 4 and
The seismogram of the smallest event was used as the EGF and deconvolved from those
of the two larger events to obtain the STFs for the larger earthquakes. The S waveforms of both
the larger events and the EGF event were windowed to a length of 2 s, processed to remove the
DC component, padded with zeroes to 1024 points, and then Fourier-tranformed to the frequency
domain. The spectrum of each larger event was divided by that of the EGF event and then inverse-
transformed to obtain the STF. To stabilize the deconvolution procedure, a Gaussian filter was
used to slightly smooth the amplitude spectra before the spectral division. After deconvolution, a
fourth-order Butterworth low-pass filter with a corner frequency of 30 Hz was used to reduce the
high frequency noise. This noise may be caused by the variation of background noise at the
stations, the spatial separation between the larger and EGF events, and the non-deltaness of the
source time function of the EGF event (Frankel et al., 1986; Li and Thurber, 1988). The retrieved

~ STFs for the two larger events with magnitudes of 1.6 and 3.3 are depicted in The STF
- of the M1.6 event (920314-2128) is a simple pulse with a source duration of about 0.05 s. The
STF of the M3.3 earthquake (920310-0545) appears to have two peaks, suggesting two episodes
of rupture with a total duration of about 0.15 s. The S wave seismogram for the M3.3 earthquake

is clearly more complex than those of the M1.6 and EGF events

Three-component S waveforms of an EGF event (920311-0120, M0.2) recorded at four
stations were deconvolved from those of an M1.6 earthquake (920314-2128) to extract the ST
for the larger event. The three-component seismograms and retrieved STFs are shown in
The STFs obtained with different components at the same station are very similar and typically
have only slight differences, suggesting that the assumption of a similar focal mechanism for the
two events in the pair is correct. We summed the STFs extracted with three component data at a
station and used the stack as an average estimate of the STF at that station. The procedure not only
increases the signal-to-noise ratio for the STFs by a factor of 1.73, but also should average out the
slight dissimilarity caused by the differences in location and focal mechanism between the EGF

event and the larger event. In the following analysis, the retrieved STFs will be the stacked three-
component average.
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Table 2

First motion polarities of P and SH waves

Event ID All Al6 A2] A54 A61 Ab4
P SH P SH P SH P SH P SH P SH

890210-0538 n n + + n n - - - + + o+
890915-0216 n n + + n n - - -+ + 4+
901021-1338 + + + - - - - - + - -+
901102-0427 + + + - - - - - + - -+
920310-0545a - - - - -+ - - -+ + -
920310-0545b* - - - - -+ - - -+ + -
920311-0120 n n - - + - - - + + -
 920314-2128 - - - - + o+ - - -4 + -
890309-0941 - - + - n n - - - - -+
890310-0329 + - n n - - - - -+
890310-0451 n n + - n n - - - - - +
890311-0831 - - + - n n - - - - -+

*: A double event and polarities of the second event were based on cross-correlation analysis.

n: Data were not available or poor signal-to-noise ratio.

16




A61(T): S Wave
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Figure 7. Demonstration of the EGF deconvolution procedure to retrieve the relative STFs of two
larger earthquakes of a multiplet consisting of three events. The tangential S waveform of the
smallest event is treated as the EGF and deconvolved from the seismograms of the two larger
events,U(t), to derive the STFs, S(t), of the two larger earthquakes. The STF of the M3.3
earthquake has two distinct pulses implying two episodes of rupture during the event.
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SOURCE TIME FUNCTIONS AND RUPTURE DIRECTIVITY

The STFs of an M1.8 earthquake (890201-0538 from doublet 1 in[Figure 3) were retrieved
using three-component S wave seismograms of a nearby small event (890915-0216, M0.0)
recorded at stations A16, A54 and A61 (Figure 9a] as the EGFs. The STF of the event [Fiéure 9b]
consists of a simple pulse with a source duration of about 0.05 s. The pulse width shows little
azimuthal dependence. The maximum pulse amplitude at station A61 is about 15% larger than
those observed at stations A16 and A54, which are almost identical. We attribute the somewhat
lar litude of the STF at station A61 to the relatively high noise level at that recording site
|iFi§ure 9b] rather than to rupture directivity. The lack of a significant azimuthal variation of the
pulse width and amplitude suggests that the event can be charaterized as a point source.

Three-component S wave seismograms of a smaller event (901102-0427, MO0.5) recorded at
three stations EE}Figure 10a) |were treated as the EGFs and deconvolved from the iﬁ of an
F

M3.3 earthquake ( -1338 from doublet 2 in[Figure 3] to obtain the STFs [Figure 10b) of the
larger event. The STFs show clearly the azimuthal variation of pulse amplitude and width,
providing strong evidence for the rupture directivity of the earthquake. The STF pulse at station
A16 has the largest amplitude and narrowest pulse width, while the STF pulse observed at station
A1l has the smallest amplitude and widest pulse width. The azimuthal variation of the STF of the
event indicates that the rupture propagated roughly towards station A16. Estimates of the rupture
direction and rupture velocity from analysis of the STFs will be discussed next.

Theoretical studies (e.g., Ben-Menahem, 1962) on the radiation of body waves from a finite
moving seismic source predict the azimuthal dependence of STF amplitude and pulse width. For a
unilaterally propagating rupture, the source duration is narrowest in the direction of rupture
propagation and widest in the opposite direction. Due to the same effect, the amplitude of the STF
in the rupture direction is larger than that in the opposite direction by a factor of [1 + Vy/c]/[1- Vy/c]
(Hirasawa and Stauder, 1965), where ¢ and V; are the velocities of the wave and the rupture,
respectively. Although the direction of a propagating rupture can be inferred from the azimuthal
dependence of the STF pulse width and amplitude, the poor time resolution (0.0125 s) of our data
set prevents us from getting a reliable estimate of the rupture direction from the azimuthal variation

of pulse width. Therefore, we used the azimuthal variation of the pulse amplitudes to estimate the
rupture direction.

Savage (1965) studied the effect of rupture velocity upon the first motion amplitude and gave
the modulating function F1 for unilateral dislocation and F for bilateral dislocation as

F1 = V/[1-(V/c)cos(B-Do)] ¢Y)
F2 = 2Vy/[1 - (Vi/c)2cos2(B-Bo)], (2)

where @ and @o are azimuths of a station and rupture direction, respectively. The reciprocal of
the amplitude (1/A) can be written as

1/A1 =K1/F1 = K1[1/V¢ - (1/c)cos(B-Do)] 3)
/A2 = K2/F = K[ 1/Vy -(Vi/c)2cos2(B-Do)], “)

where K1 and K2 are constants. We can estimate the rupture direction @ by fitting the maximum
amplitudes of the STFs at stations with different azimuths (@) to a straight line defined by

[1/Ai ] = aj - bj [cosi(B-Bo)], (5)
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Figure 9. (a) Epicentral location of earthquake doublet 1 (M1.8 and MO0.0) in the CSZ. (b) STFs
of the M1.8 event derived for the three CLTN stations (triangles) in (a). No strong azimuthal
variation in pulse amplitude or width is demonstrated by the STFs.
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Figure 10. (a) Epicentral location of earthquake doublet 2 (MO0.5 and M3.3) in the CSZ and the
focal mechanism of the larger event. (b) STFs of the M3.3 event retrieved for the three CLTN
stations (triangles) in (a). The effect of rupture directivity is observed in the large azimuthal
variation in pulse amplitude and width of the STFs. The pattern of variation in the STF pulses

indicates a rupture approximately toward station A16. The arrow in (a) points from the preferred
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where i is 1 and 2 for unilateral and bilateral rupture, respectively. The slope bj and intercept aj of
the straight line can be used to estimate the seismic Mach number,

Vi/c =bi/a] = (bp/a)1/2. (6)

We searched for the rupture direction @ by fitting the STF amplitudes Aj with a straight line
defined by| equation (5).] The best fitting result for the 901021-1338 event is obtained for the case
of i=1 (unilateral rupture), with the maximum correlation coefficient corresponding to an optimal
rupture propagation direction of @g = 40° and Vy = 0.5V The linear correlation
coefficients are plotted as a function of the rupture direction @¢ in[Figure 11b] The rupture
direction in conjunction with the focal mechanism allow us to determine the actual fault plane of the

. Our inferred rupture direction is marked with an arrow on the preferred fault plane (Figure
10a).

STFs of three larger events (M4.3, M1.2 and M4.4) were retrieved using the smallest
earthquake (890310-0451, M0.2) of multiplet 4

as the EGF event. The S of each
event recorded at three widely spaced stations show significant azimuthal variations
The amplitudes of the STF pulses for the M4.4 event increase as the azimuth increases (Figure
12d), with the smallest amplitude at station A16 and the largest amplitude at station A64, indicating
that the rupture of the M4.4 event is towards station A64 (Figure 12a)l For the M4.3 earthquake,
‘the largest pylse amplitude and the narrowest pulse width of the STF is recorded at station A61
Figure 12b) jand indicates a rupture direction towards the west (Figure 12a), We even observed
rupture directivity for the M1.2 event. The amplitudes of the STF pulses observed at stations A61
and A64 are larger than that for station A16 by a factor of 2 [Figure 12¢c)| suggesting that the
re direction of the earthquake is towards the northwest between stations A61 and A64 (Figure
12a).

We searched for the optimal rupture directions for the M4.3, M1.2 and M4.4 earthquakes by
fitting a straight line to the STF amplitude data for each event as described in[equation (5)] The
closest fits are obtained for unilateral ruptures and these are shown in[Figures 13a, 13b and 13c.|
The rupture velocity for these events ranges from 0.5V to 0.7Vs. The rupture directions for the
M4.3, M1.2 and M4.4 earthquakes are estimated to be 290°, 300° and 320°, respectively,
suggesting that the rupture direction of the earthquake multiplet rotated about 30° clockwise (Figure

However, the reason for this apparent rotation of the rupture direction is not yet clear. The
rupture directions of the three events are also consistent with the spatial trend of the relative
locations of events in the multiplet [Figure 3. Based on the rupture directions and the focal
mechanisms of the M4.3 and M4.4 events, we determined that the east-dipping planes were the
actual fault planes of the two earthquakes and marked the rupture directions with arrows on these
fault planes It is interesting to note that Wetmiller and Adams (1990) also selected

the east-dipping planes as favorable fault planes for these events based on seismicity distribution
and geological information.

The rupture directivities of M > 2.5 microearthquakes have been observed in California and
Hawaii and used to infer the actual fault planes (e.g, Frankel et al., 1986; Mori, 1993; Li and
Thurber, 1988). In this study, we observed the rupture directivity even for an event with a
magnitude as low as 1.2. This study as well as previous investigations have shown that the
rupture directivities, along with the P focal mechanisms, can be used to determine which nodal
plane is the actual fault plane. The focal mechanisms of microearthquakes in northeastern North
America have been documented by many authors (e.g., Pulli and Toksoz, 1981; Lamontagne,
1987, Adams et al., 1988; Ebel and Bouck, 1988). Based on geological and seismicity
information investigators can sometimes determine the preferred fault plane for an event, but for
most events choosing the nodal plane which represents the actual fault plane is difficult. With the
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Figure 10a.
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Figure 12. (a) Epicentral location of multiplet 4 (M0.2-4.4) and the focal mechanisms of the two
largest events. (b-d) The STFs for the three larger earthquakes recorded at the three stations
(triangles) in (a). All three events exhibit a clear rupture directivity revealed by the sigmﬁcgnt
azimuthal variations in pulse amplitude and width of the STFs, indicating a rupture direction
approximately northwest. The arrow points from the probable fault plane in the rupture direction
on the thrust focal mechanisms of the M4.3 and M4.4 earthquakes in (a).
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method we present here and suitable earthquake pairs, it is possible to determine the actual fault
planes for the larger events in the pairs.

RUPTURE COMPLEXITY

STFs of the 920310-0545 (M3.3) and the 920314-2128 (M1.6) events were extracted from
seismic recordings at four stations (Figure 14a). S waveforms of the smallest event (920311-
0120, MO.2) in the multiplet were used as the EGFs. The STF of the M1.6 earthquake is a simple
pulse with a duration of about 0.05 s, and reveals no rupture directivity as evidenced by the lack of
pulse amplitude and width variation at the different stations In contrast, the STF of
the M3.3 event has two distinct peaks at three of the four stations, suggesting two episodes of
rupture with a total duration of about 0.15 s (Figure 14c]. Since the M1.6 event is simple with no
rupture directivity, we substituted its waveforms for those of the M0.2 event as the EGFs. The

of the M3.3 earthquake show no change in relative pulse shape among the four stations
despite changing the EGF event. This example demonstrates that the STF of a larger
event can be successfully retrieved so long as one or more suitable EGF events can be found.

Although the STFs of the M3.3 earthquake indicate a rupture direction approximately east-
west, the equation (5) we used to estimate the rupture direction is not appropriate for a double
event. Therefore, we have to use other information to co ﬂ rupture direction and the actual

F

fault plane. The relative locations of the two subevents [Figure 3) and the focal mechanism of the

first subevent suggest rupturing towards the east with the west-dipping plane being the preferred
fault plane. We marked the fault plane with an arrow on the focal mechanism solution of the first
subevent in Double events had previously been observed for relatively large
earthquakes (M ~ 5) in northeastern North America (e.g., Nabelek, 1984; Ebel et al., 1986), but in
this study we have found that even a small earthquake (M~3) may exhibit rupture complexity. The
rupture complexities of microearthquakes in Miramichi, Canada (M=3-4.1) and in Reading,
Pennsylvinia (January 16, 1994, M=4.6) were also observed from retrieved relative source time
functions (Li et al., 1994).

SOURCE PARAMETERS
We estimated the source parameters for the larger shocks of the doublets and multiplets in the

. CSZ. The seismic moment for the EGF event (Mog) in each group was calculated based on the
low-frequency amplitudes of its S wave displacement spectrum Qg (Boatwright, 1980) as follows:

Mog = Lo (5)p(0)c ] [c(5)1%? ™

’

where P(s) = 2.8 and p(r) =2.3 g/crn3 are the densities at the source and receiver, respectively,
c(s) = 3.6 and c(r) = 2.3 km/s are the S wave velocities at the source and receiver, respectively, D
is the epicentral distance, F is the free surface correction at the receiver, and R is the radiation
pattern. It is assumed that the EGF event had a focal mechanism similar to that of the larger event.
Since no focal mechanism is available for the M1.8 earthquake (890201-0538), no radiation pattern
correction is made for this event. The seismic moments of larger events (M) are estimated by
Mo=AMog, where A is the area under the STF.

The rise times (T1/2) were measured from STFs at different stations and averaged to estimate
the fault radius using the relationship given by Boatright (1980) for a circular source,
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r=— t1/2Vr
[1-(v,sin6/c)] 8)

where ¢ and Vr are the velocities of the wave and rupture, respectively, and 6 is the take-off angle.
The rupture velocity is assumed to be 0.75 times the shear-wave velocity or 2.7 km/s and 6 = 45°.

The static stress drop (Ac) is determined from the seismic moment and fault radius using Brune'’s
(1970) formula

7
Ac = 1—2’:531' )

The calculated source parameters (seismic moment, fault radius and stress drop) are
summarized in|Table 3.| Because of the relatively short duration of the STFs of the events and the
cubic dependence of the stress drop on the rise time, a sm in the rise time measurement will
result in a very large error in the estimate of stress drop (Table 3‘, especially for those events with
smaller magnitudes and extremely short durations (i.e., M1.2-1.8). These large errors reflect the
difficulty in making accurate measurements of the stress drops for small events.

For M3.3 to 4.4 events (Mg = 1.4x1020 to 5.3x1021 dyne-cm), the stress drop estimates
range from 24 to 90 bars and the fault radii are from 120 to 330 m. We have compared our
estimates of source parameters with those obtained by other investigators for earthquakes in the
CSZ Boatwright (1994) and Atkinson and Somerville (1994) estimated stress drops of
50 to 70 bars and fault radii of 200 to 350 m for three earthquakes in the magnitude range of 3 to

4.5. These results agree quite well with the source parameters we estimated using the EGF
method.

For smaller events with magnitudes 1.2 to 1.8 (Mo = 3.5x1018 to0 7.2x1018 dyne-cm), the
stress drops fall to 2.t0 3 bars. There is an apparent correlation of the stress drop with the seismic
moment . An empirical relationship based on eight data points was obtained as
Log(Ac) = -9.7 + 0.5422Log(Mo). The dependence of stress drop on the size of an earthquake
has been observed by other researchers (Boatwright, 1994; Shi et al., 1994) for earthquakes in
northeastern North America. Our estimates of stress drop increase with earthquake size in a

manner consistent with the stress-drop scaling observed by Boatwright (1994) for 97 earthquakes
- in northeastern North America (Figure 15b). However, Feng and Ebel (1993) found no scaling
relationship between the stress drop and earthquake size for 12 small events located in New
England. Due to the relatively large errors associated with the stress drop estimates we derived for
the smaller events and the limited data set, we suggest that further investigation using waveform
data of more events with better time resolution (high sampling rate) is required to verify the
apparent scaling relationship between stress drop and seismic moment.

CONCLUSIONS

In this study the EGF technique has been successfully applied to retrieve the relative source
time functions (STFs) of seven larger microearthquakes, ranging in magnitude from 1.2 to 4.4 and
including three events less than magnitude 2. The STFs reveal that six of the events are simple
with a single pulse ranging in source duration from 0.05 to 0.2 s. The azimuthal variation in
amplitude observed in the STFs indicates definite rupture directions for five of the events,
including one with magnitude only 1.2. The rupture velocities derived for these events vary from
0.5Vs to 0.7Vs. In addition to this, the STF of one event (M3.3) displays two distinct pulses,
suggesting a complex source process with two episodes of rupturing. These results show that
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Table 3

Source parameters for earthquakes in the CSZ

Event

ID

Magnitude Mog My/Mog Mo
1018
(ML) (dyne-cm)

MN or

1019

rise time
T12

(dyne-cm) (ms)

radius Stress drop
r - Ao
(m) (bars)

890915-0216
890201-0538

901102-0427
901021-1338

920311-0122

(0.0)
1.8

(0.5)
3.3

(0.2)

1920310-0545a 3.3
920310-0545b

920314-2128

890310-0451
890309-0941
890310-0329
890311-0831

1.6

(0.2)
4.3
1.2
4.4

1.6

3.8

1.8

2.0

March 1, 1925 mp=6.5

August 19, 1979 mp =5.0

March 9, 1989 MN=4.3

March 3,1990 MN=3.6
March 3,1990 MN=3.6

2.2

82

75
90

2415
1.8
2651

* *

0.352

31.16

13.50
16.20
0.720

483.0
0.360
530.2

*

Ebel et al. (1986)

Bent (1992)
Hasegawa and Wetmiller (1980)

Boatright (1994)

Boatright (1994)
Atkinson and Somerville (1994)

16.7 7.2

25.0£12.5

219t 6.3
25.0%12.5
18.8+ 7.2

50.0%£12.5
16.7+ 7.2
58.3%19.1

* *

9+44 1.7 (0.6-10.9)

143+72 46.6 (13.7-381)

125£36 30.2 (14.2-83.3)
14372 242 (7.1-198)
10844 2.5 (0.9 -12.0)

28672 90.3 (46.1-216)
9% +44 1.8 (0.6-11.2)
334+109 62.3 (26.7-204)

*

100 - 300
35
50
340 50
210 69
70
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Figure 15. (a) Stress drops estimated for the seven target events (including one double event) in
this study plotted versus seismic moment. The slope of the line fitted to the data describes an
apparent scaling of stress drop to earthquake size. (b) Stress drops estimated in this study and
those of 97 northeastern North American earthquakes analyzed by Boatwright (1994) plotted
versus seismic moment. The apparent stress drop scaling between the two data sets is consistent.

LogMo (dyn-cm)
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even microearthquakes in northeastern North America may exhibit a complex rupture and rupture
directivity. Estimates of the rupture direction were incorporated with P wave focal mechanisms to
infer the actual fault planes of the four largest earthquakes.

The source parameters estimated from the derived STFs vary from 3.5x1018 to 5.3x1021
dyne-cm for seismic moment, from 96 to 334 meters for fault radius, and from 2 to 90 bars for
stress drop. These estimates agree well with values for earthquakes in the CSZ obtained by other
researchers using different methods (Hasegawa and Wetmiller, 1980; Boatwright, 1994; Atkinson
and Somerville, 1994). The stress drops estimated in this and other studies of earthquakes in
northeastern North America show an apparent wide variation (Hasegawa and Wetmiller, 1980;
Choy et al., 1983; Nabelek, 1984; Ebel et al., 1986; Somerville et al., 1987; Nabelek and Suarez,
1989; Bent, 1992; Atkinson and Somerville, 1994; Boatwright, 1994). Moreover, the results of
this study suggest an apparent scaling of stress drop to earthquake size. Our estimates of stress
drop increase with earthquake size in a manner consistent with the stress drop scaling observed by
Boatwright (1994) for 97 earthquakes in northeastern North America.
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ABSTRACT

Precise locations of earthquakes are essential to characterizing an active fault. Well defined spatial
patterns of seismicity, resulting from high-accuracy determinations of hypocenters, may be used to
define the orientation and dimensions of a causative structure. In this study we have applied a
waveform correlation and relative event location method to digitally recorded earthquakes in the
Charlevoix Seismic Zone (CSZ) of Quebec, Canada to obtain high-precision locations for a large
number of events. The purpose of this relocation effort is to attempt to produce well resolved
spatial patterns of hypocenters which might delineate active faults in 3-D. Our results indicate that,
in cross-section, the relocated hypocenters clearly define a V-shaped seismic zone striking
northeast which appears to plunge at a shallow angle to the northeast. Along the northwest side of
the St. Lawrence River in the CSZ, a strong spatial correlation is found between hypocenters
determined by the relative event location method and some mapped faults striking northeast parallel
to the river. In cross-section, these hypocenters define two vertically dipping planer features best
resolved at a strike agreeing with crack orientations inferred from shear-wave splitting results.
Other cross-sections of the data suggest alignments of hypocenters striking approximately
northwest and extending from the northwest side across the river. These features may delineate
active cross faults intersecting the long, northeast trending faults along the northwest side and in
the river. Crack orientations determined from S polarization angles of a few earthquakes are
consistent with the approximately northwest strike of one such feature in the southwest part of the
CSZ. Cross faults could act as barriers preventing a potential rupture over the entire length of the
'CSZ along one of the northeast trending faults. The largest earthquake possible in the CSZ would
depend on the maximum fault length capable of rupture.
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INTRODUCTION

The goal of this part of the study is to relocate a substantial number of digitally recorded
earthquakes in the Charlevoix Seismic Zone (CSZ) of Quebec and search for well defined patterns
of hypocenters which may delineate active faults. In this approach, waveform correlation and
relative event location methods are applied to waveform data to relocate the seismicity in the CSZ.
The spatial patterns of the relocated seismicity are correlated with known geologic structures in the
study area and other geophysical data to attempt to characterize active fault segments in detail. A

well resolved spatial distribution of hypocenters can be used to ascertain the orientation and
dimensions of an active fault.

Hypocenters of earthquakes are typically located using a computer program (e.g.,
HYPOINVERSE, Klein, 1978) applied to absolute arrival times picked from individual
seismograms. The accuracy of the hypocenter solution is dependent on the interpretational bias of
the record analyst picking the phase arrival times and on how well the crustal velocity model
approximates the earth structure between the earthquake source and the recording station. Relative
event location, the approach used in this study, is one alternative which produces more precise
estimates of hypocentral locations of earthquake clusters, based on differential phase arrival times
between events. Differential arrival times determined from waveform correlation analysis are
typically more accurate than absolute picked times and provide valuable constraints on the relative
locations among a cluster of events. Accordingly, a systematic relocation of hypocenters based on
~ differential time data can be expected to yield clearer and tighter spatial patterns of seismicity.

Well resolved spatial distributions of seismicity in three dimensions may indicate whether
earthquakes occur along shorter discontinuous fault segments as evidenced by isolated tight
clusters of events, or along a longer continuous feature delineated by a longer seismic lineation of
uniform event density. Differentiation between such types of seismicity patterns has important
implications for estimating fault size and the maximum magnitude event associated with it.
Moreover, the spatial distribution of the earthquakes and their associated stress drops helps to
constrain the mechanical properties of faults correlated with the seismicity.

Charlevoix Seismic Zone and Network Data

The Charlevoix Seismic Zone (CSZ) is defined as an 80 x 35 km area located along the St.
Lawrence River (Figure 1) in southern Quebec and is among the most seismically active zones
(Figure 2) in eastern North America (Buchbinder et al., 1988). Historically, the CSZ has been the
location of several large earthquakes (Smith, 1962). The largest instrumentally recorded
earthquake of this group occurred on March 1, 1925 with mp = 6.5 (Stevens, 1980; Ebel et al.,
1986; Bent, 1992). The latest potentially damaging earthquake (mp = 5) occurred on August 19,
1979 (Hasegawa and Wetmiller, 1980).

The waveform data used in this study were recorded by the Charlevoix Telemetered Network
(CLTN) operated by the Geological Survey of Canada (GSC). The Geophysics Division of the
GSC provided access to their database and the computer programs necessary to convert the
waveform data from their in-house format to SAC, the data processing format used in this study.
The CLTN consists of six three-component stations located in groups of three each along the
northwest and southeast shorelines of the St. Lawrence River (Figures 1 and 2). These stations
are situated parallel to the general northeasterly strike and bound the seismicity of the CSZ
(Buchbinder et al., 1988). The CLTN is a short-period local network which was modernized in
November 1987 to include digital recording at a rate of 80 sps and three-component instruments
with automatic gain control to insure a wide dynamic range of 126 dB (Munro, personal
communication). The wide dynamic range of the instrument allows recording of MO-5 earthquakes
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CHARLEVOIX SEISMIC ZONE (CSZ) IN QUEBEC, CANADA
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Figure 1: Map of northeastern North America with a box bounding the Charlevoix Seismic Zone
(CSZ) of Quebec, Canada. Included are the regional seismic stations (open triangles) of the ECTN
(Eastern Canada Telemetered Network), CLTN (Charlevoix Telemetered Network) shown as the
filled triangles within the CSZ, NESN (New England Seismic Network), and the Lamont-Doherty
Network in New York, New Jersey, and northwestern Vermont. Also shown are the new USNSN
(United States National Seismic Network) stations (small boxes with station names) of the USGS.
Three-component data recorded by the CLTN was analyzed to obtain precise relative locations of
the seismicity in the CSZ.
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CSZ Seismicity, November 1987—1992
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Figure 2: Seismicity (squares) of the Charlevoix Seismic Zone (CSZ) in Quebec, Canada fér
Novgmber 1987-1992. The 1925 (mp=6.5) and the 1979 (mb=5.0) earthquakes are shown as an
asterisk and a diamond, respectively. The triangles mark the locations of the CLTN stations.




on scale at local distances, thus providing well recorded digital waveforms for a substantial number
of events. The quality and amount of waveform data available for the CSZ make this region
attractive for the application of the waveform correlation and relative event location techniques.

METHOD

Waveform correlation and relative locations for earthquakes

A precise location for hypocenters of earthquakes within a seismic zone is fundamental for
characterizing the seismicity. However, the absolute location of earthquakes depends on not only
precise readings of arrival times for seismic phases, but also on the velocity model used in fitting
the data. Errors in this model and in arrival time readings will introduce an error into the absolute
locations. Simultaneous inversion for hypocenters and velocity structure using a large set of events
is one way of reducing the model-induced errors (e.g., Aki and Lee, 1976; Crosson, 1976;
Spencer and Gubbins, 1980; Thurber, 1981). The relative event location technique (e.g., Jordan
and Sverdrup, 1981; Poupinet et al., 1984; Ito, 1985; Fremont and Malone, 1987; Thorbjarnadottir
and Pechmann, 1987) is another way of addressing the hypocenter accuracy versus velocity
uncertainty trade-off. The underlying principle of this approach is that, for a given seismic phase
and receiver, the difference between the arrival times from two events close to one another is much
less sensitive to the velocity structure than are the absolute arrival times from each individual event.
~ If the separations among events of a cluster are much smaller than the hypocentral distances to the
observing station, ray paths from the cluster events to the station will be essentially identical.
Therefore, the systematic errors due to an incorrect velocity model will have no effect on the
accuracy of the relative event locations.

A cross-correlation analysis technique either in the frequency domain (e.g., Poupinet et al., 1984;
Ito, 1985) or in the time domain (Frankel, 1982; Pechmann and Kanamori, 1982) is generally used
to quantitatively characterize the degree of similarity of seismic waveforms from a cluster of
earthquakes close in space and to measure their differential arrival times of P and S waves in an
accurate, objective, and consistent manner. An obvious advantage of using this approach is that it
avoids the timing error introduced by different analysts picking P and S arrival times. The time
domain analysis (Frankel, 1982; Pechmann and Kanamori, 1982) typically allows us to read the
arrival times with an accuracy of one sample interval, while a cross-spectral analysis (Poupinet et
al., 1984; Tto, 1985) can get timing precision much better than a sampling interval. Poupinet et al.
(1984) and Ito (1985) claim that for a waveform with a sampling rate of 100 sps their method has
a timing accuracy of about 1 ms, resulting in a location accuracy of 10 m. Their approach involves
calculating cross-spectra to obtain coherency and phase spectra. The delay time t (i.e., differential
time) of the two time series is obtained by fitting a straight line through the phase spectrum with
zero intercept. The slope of the straight line is equated to 2rtft, where f is the frequency.

Figure 3 shows an example of the cross-correlation analysis using digital waveforms from the
Charlevoix Telemetered Network (CLTN). Vertical component P wave seismograms from a
doublet (M1.6 and M4.3) recorded at station A61 in the Charlevoix Seismic Zone (CSZ) show the
similarity of the waveforms, even though the amplitudes for the two events differ by a factor of
about 500 (Figure 3a, top). The sampling rate of the data is 80 sps. Traditional time domain
analysis will give a timing accuracy of only about 0.0125 s (Figure 3a, bottom) and a
corresponding location accuracy of about 100 m, which is not sufficient for highly precise relative
locations. We applied the cross-spectral analysis to the P waveforms shown in the top frame of
Figure 3a and calculated the differential arrival time for the P wave window to be about 0.021 s
(Figure 3b). The timing resolution is about 1 ms. However, the spectral-analysis involves time-
consuming calculations and fitting the line to the phase spectrum, which is not feasible for
processing a large volume of data. ’
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In order to improve the calculation efficiency, we developed a simpler and faster analysis method
in the time domain, which has a timing accuracy similar to the cross-spectral method (Poupinet et
al., 1984; Ito, 1985) and a quadratic curve interpolating method in the time domain (Deichmann
and Garcia-Fernandez, 1992). We oversampled the P wave time series of the master and slave
events with an interpolating FIR (Finite Impulse Response) filter (Tapley and Tull, 1991). Figure
3c shows the auto- and cross-correlation functions for different sampling rates. The maximum
peak of the auto-correlation functions is always at 0 seconds and the function shapes remain
symmetric. The cross-correlation function curves show asymmetry for the lower sampling rates
(80 and 200 sps), but become symmetric for higher sampling rates (> 400 sps). The maximum
peaks of the cross-correlation functions are at 0.025 s and 0.020 s for sampling rates 80 and 200
sps, respectively. Above 400 sps the peaks converge at 0.021 s, which is consistent with the
result of the cross-spectral method (Figure 3b).

The ability of the relative event location method to calculate high precision locations of earthquakes
is founded on waveform and hypocenter similarity of the events. Figure 4a shows the waveforms
of three events recorded at two stations with different azimuths. The P and S waveforms of the
three events for each station are quite similar and have almost identical differential arrival times, as
indicated by no moveout of the S phase when they are aligned to the initial P phase. The nearly
identical relative locations of the three earthquakes are displayed in Figure 4b. In contrast, the
waveforms of three other earthquakes in Figure 5a have less similarity at two stations with
different azimuths and display a noticeable moveout of the S phases with the P phases aligned.
- The relative locations of these three earthquakes are separated by about 1 to 2 km (Figure 5b).

RESULTS AND CONCLUSIONS

We have applied the waveform correlation and relative event location method to CLTN waveform
data to relocate hypocenters of earthquakes in the CSZ, assuming a one-layer crustal model for the
CSZ having an average P wave velocity of 6.2 km/s and a Vp/Vs ratio of 1.73 (Anglin and
Buchbinder, 1981; Anglin, 1984). The simplified velocity model may slightly bias absolute
locations for master events, if strong heterogeneity exists in the medium, but has less effect on the
relative locations of a cluster of events. The measurement accuracy of differential arrival times for
P and S waves is about 1 ms, resulting in a spatial resolution of about 10 m for the hypocenter
locations. The original absolute locations were computed by the Geophysics Division of the

Geological Survey of Canada using a modified version of the HYPO program and the velocity
model mentioned above (Drysdale et al., 1991).

The hypocenters of 214 digitally recorded earthquakes occurring in the CSZ between 1987 and
1993 were relocated. 3-D spatial transformations (rotation of a volume of hypocenters defined by
a rectangular coordinate system) of the earthquake locations were performed using the 3-D
geometry viewer module of AVS (Application Visualization Systems, Advanced Visual Systems,
Inc., 1992). The original HYPO and relative event locations of these earthquakes are shown in
Figures 6 and 7, respectively. In map view (Figures 6a and 7a), the seismicity is divided into two
major groups separated by a gap in the St. Lawrence River. The first group, bounded by the box
in Figures 6a and 7a, is located mainly along or near the northwest shore of the St. Lawrence
River, while the second larger group is located to the southeast in the river. The spatial
distributions of both groups show a general northeast trend parallel to the river. The group in the
box in Figures 6a and 7a shows a significant change in spatial distribution after relocation, forming
two apparent lineations striking northeast with a gap between them (Figure 7a). This group is
discussed in more detail in the next section about correlation of the seismicity with mapped faults.
In map view, the relocated seismicity of the group in the river (Figure 7a) exhibits somewhat closer
clustering of the epicenters than the original HYPO locations of the same group (Figure 6a), but no
major lineations are readily observed. The closer clustering in Figure 7a produces a few apparent
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Figure 6: HYPO locations of all the e
Vertical cross-section. Line AA'in
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Figure 7: Relative event locations of all the earthquakes used in this study shown in a) Map view,

and b) Verticgl cross-section. Line AA'in Figure 7a marks the location of the cross-section. The
view perpendicular to the plane of the cross-section is along a strike N36°E.
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short linear patterns of seismicity with different orientations, which may imply a complex fracture
system of small active faults in the river.

In cross-section (Figures 6b and 7b) the seismicity clearly defines a V-shaped seismic zone in the
St. Lawrence River both for the HYPO and relative event locations. The viewing direction
perpendicular to the cross-section in Figures 6 and 7 is N36°E. This agrees with the result of
earlier investigations by Anglin et al. (1984) and Buchbinder et al. (1988), in which they identified
the V-shaped feature along a similar strike. After relocation, the V-shape appears to be more
sharply resolved. In particular, a few hypocenters on the northwest side have shifted from the
surface to the basement rock beneath a major aseismic contact with overlying sedimentary deposits
dipping gently to the southeast (Buchbinder et al., 1988). In Figure 8, the cross-sections of
Figures 6b and 7b have been rotated about a horizontal axis parallel to the plane of the cross-
sections. This spatial transformation produces a view along the same strike (N36°E), but now
with a plunge of about 21° to the northeast. At this orientation some of the deep hypocenters to the
northeast in the CSZ become aligned with the shallower seismicity defining the sides of the V in
Figures 6b and 7b. The view in Figure 8 seems to delineate more accurately the actual extent of the
V-shaped seismic zone, particularly with the relative locations (Figure 8b).

Correlation of Seismicity with Geology

Our work to date has produced good correlation with the geology in specific subregions of the
CSZ. Figure 9 shows the spatial correlation of the earthquakes (bounded by the box in Figures 6a
and 7a) with mapped faults along the northwest shore of the St. Lawrence River, using the original
HYPO locations (Figure 92) and the relative event locations (Figure 9b) computed in this study.
Two northeast trending lineations of epicenters become apparent after relocation and demonstrate a
strong spatial association with some north to northeast striking faults. This is best illustrated by
the correspondence of the epicenters of one lineation with the fault running directly along the
northwest shore of the river. The second lineation, further to the northwest, is grouped mainly in
two clusters elongated toward the northeast and aligned with one another along a strike parallel to
the first lineation. The two clusters of this second lineation terminate near the ends of two mapped
faults and may define these faults as discontinuous features. However, the cluster to the southwest
shows a strong northeasterly alignment with the cluster to the northeast (around station A61) and
some intervening epicenters. This alignment may indicate that the mapped fault underlying the
northeast cluster extends as a subsurface feature to the southwest, possibly emerging again as the
northeast trending fault mapped just to the northwest of station A54.

Several relocated events show no close spatial correlation with the two northeast trending lineations
of epicenters or the mapped faults associated with them. In general, these events either are not
located near the mapped faults or correlate better with one of the faults striking southeast. Figures
10 and 11 present the HYPO and relative event locations, respectively, of the same set of
earthquakes shown in Figure 9, except with these "outliers" removed. The cross-sections in
Figures 10 and 11 are viewed along an axis striking N50°E. In depth view after relocation (Figure
11b), the two northeast trending lineations appear to be almost vertically dipping planer features.
In a study of the geology of the Charlevoix region Rondot (1979) reported that the mapped faults
striking northeast near the northwest shore of the St. Lawrence River are Precambrian normal
faults. Other faults similar in orientation to these exposed ones cut through the basement rocks
underlying the river to the southeast. Both groups of faults are inferred to be rifting structures
related to the opening of the Atlantic Ocean 600-700 and 150-200 MYA (Hasegawa, 1986), which
are now reactivated by the present stress regime (Hasegawa, 1986; Buchbinder et al., 1988;
Adams et al., 1988). The high angle dip of the two seismic features in Figure 11b is consistent
with the fault geometry of a rift structure. As a point of interest, these two planer distributions of
hypocenters, which may delineate active faults, are best resolved at a strike of NSO°E. In a shear-
wave splitting study of earthquakes located along the northwest shore of the St. Lawrence River in

47




(@)  HYPO LOCATIONS

€
N
orﬂlw ¢
e .
[ N ]
. l ...‘." ._ v
1;.2"@ 3
‘&.O' ‘ ¢
(o N ‘
LR
P a s
° - {
v4
(b) RELATIVE LOCATIONS
¢
North —..— East

Figure 8: Oblique cross-sections of a) the HYPO locations, and b) the relative event locations of all
the earthquakes used in this study. The view perpendicular to the plane of the cross-section is
along an axis striking N36°E and plunging 21° to the northeast.
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Figure 9: a) HYPO locations (open octagons), and b) Relative event locations (crossed octagons)
of earthquakes (the group bounded by the box in Figures 6a and 7a) superposed on a fault map
(Rondot, 1979) of the CSZ. After relocation of the earthquakes, two linear trends of epicenters are
more clearly defined striking about parallel to the St. Lawrence River and some of the major
mapped faults. In particular, the linear trend along the shore of the river shows a strong spatial
correlation with an extensive fault striking northeast. The spatial correlation of a few of the

epicenters with a southeast trending cross fault, southwest of Station A61, is improved after event
relocation.
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Figure 10: a) Map view, and b) Vertical cross-section of the HYPO locations of the earthquakes in

Figure 9a with "outliers" removed. Line BB' in Figure 10a marks the location of the cross-
section.
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Figure 11: a) Map view, and b) Vertical cross-section of the relative event locations of the
earthquakes in Figure 9b with "outliers" removed. Line BB' in Figure 11a marks the location of
the cross-section. The hypocenter distribution shows two well defined planer features, each with a
vertical dip. These two planer features are not well resolved in the HYPO locations in Figure 10b.
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the CSZ, Doll et al. (1994) found an average S polarization angle of N48°E for 32 events having
approximately northeast polarization directions. The S polarization angle has been interpreted as
the azimuth of near-vertical cracks in the basement rock beneath the CSZ (Buchbinder et al., 1985,
1989; Doll et al., 1994). The relative event location and shear-wave splitting results are consistent
and suggest that the orientation of the faults inferred from the hypocenter distributions in Figure
11b is well constrained.

Cross-sections of the seismicity subparallel to the St. Lawrence River have revealed some planer
seismic features striking approximately northwest across the river. Figures 12 and 13 show
HYPO and relative event locations, respectively, for a subgroup of earthquakes extending across
the St. Lawrence River in the southwest part of the CSZ. Two planer features, both striking
approximately northwest, appear to be defined by the distribution of hypocenters in the cross-
sections in Figures 12b and 13b. One is vertical and is intersected by a second feature dipping to
the northeast. Both the HYPO and relative event locations show these features well. Studies of
the shear-wave splitting of earthquakes in the CSZ (Buchbinder et al., 1985, 1989; Doll et al.,
1994) have revealed a dominant northeast orientation of S polarization angles assumed to be
produced by near vertical cracks striking in that direction. However, the polarization angles of
some earthquakes in these studies, including a few in the region of the events shown in Figures 12
and 13, have orientations more consistent with the northwest strikes of the inferred seismic
features in these two figures. The spatial pattern of hypocenters and shear-wave splitting evidence
may indicate the existence of active cross faults intersecting the northeast striking faults beneath
and to the northwest of the St. Lawrence River (Figure 9).

Two northeast trending mapped faults in Figure 9, one along the north shore of the St. Lawrence
River and another about 15 to 20 km to the northwest of the first, are long, continuous features
extending the entire length of the CSZ. Similarly, large scale faults are inferred to strike northeast
in the basement rock beneath the St. Lawrence River (Hasegawa, 1986; Buchbinder et al., 1988).
On the northwest side of the river, these structures are intersected by other faults striking
approximately northwest in Figure 9. Cross faults, possibly extending across the river to the
southeast, might act as barriers to rupture propagation, thus limiting the maximum size of a
northeast trending seismogenic feature to a dimension much less than the total length (~ 80 km) of
the CSZ. If faulting can only occur along shorter fault segments, the size of the largest earthquake
possible in the CSZ might be significantly less than estimates derived using the overall dimensions

of the zone.
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Figure 12: a) Map view, and b) Vertical cross-section of the HYPO locations for a subgroup of
earthquakes in the southwestern part of the CSZ. Line CC' in Figure 12a marks the location of the
cross-section. The hypocenter distribution appears to define two planer features, one vertical and a
second intersecting the first at an oblique angle. Features like these may represent active cross
faults cutting across the system of long northeast trending faults in the CSZ.
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Figure 13: a) Map view, and b) Vertical cross-section of the relative event locations for the same
subgroup of earthquakes shown in Figure 12. Line CC' in Figure 13a marks the location of the

cross-section. The planer features in Figure 12b are also observed here, but with tighter clustering
of the hypocenters.
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Non-technical Project Summary

The relationship between earthquakes and active faults is not well understood in eastern
North America. This research is intended to improve our knowledge of this relationship.
Research techniques are being applied to earthquake data recorded in the Charlevoix
Seismic Zone (CSZ) of Quebec, Canada to characterize active faults in that region.
Earthquake source parameters are determined to estimate the amount and spatial
distribution of the energy moving outward from the earthquake source. Measurements of
earthquake source parameters and spatial patterns of seismicity determined from high
accuracy locations of earthquakes are being combined to attempt to characterize
potentially active geologic faults and to estimate maximum earthquake size in the CSZ.




